The need to apply innovative technologies for maximizing the efficiency and minimizing the carbon footprint of sewage treatment plants has upgraded sewage sludge management to a highly sophisticated research and development sector. Sewage sludge cannot be regarded solely as 'waste'; it is a renewable resource for energy and material recovery. From this perspective, legislation on sewage sludge management tends to incorporate issues related to environmental protection, public health, climate change impacts and socio-economic benefits. This paper reviews the existing legislative frameworks and policies on sewage sludge management in various countries, highlighting the common ground as well as the different priorities in all cases studied. More specifically, the key features of legislation regarding sludge management in developed countries such as the USA, Japan, Australia, New Zealand and the European Union (EU27) are discussed.
INTRODUCTION
as well as a considerable fraction of heavy metals (HMs) are adsorbed or accumulated in SS (Tavazzi et al. ; Egan ) . The majority of household and trade effluent chemical pollutants that increasingly enter the urban sewerage system can be traced in the SS at concentrations higher than originally present in the wastewater (Weidelener et al. ) , because the volume of the sludge is lower than the volume of the wastewater. This is why environmental, health risk and quality assessment of SS is an important tool in policy making and an obligatory step prior to legislation formation in developed countries (McFarland et al. ) .
The issue of public acceptance in SS management is always one of the most important factors, since citizens around the world do not readily accept the benefits of SS utilization, instead considering it to be a harmful waste originating from human excreta. In fact, they show more antagonism towards SS than animal manure, whose reuse in the food chain has paradoxically been well accepted and embraced by human cultures for many centuries (LeBlanc et al. ) .
However, the concept of sustainability in management systems is based on the principle of adopting a holistic view and integrated approaches when facing environmental problems. Over the last few decades, STPs have not been considered an 'end-of pipe solution' (Iacovidou et al. ) but, instead, a flexible treatment system that can lead to advantageous alternatives in terms of water, nutrients and energy reuse. Consequently, there is a growing trend globally to view SS as a materials or energy resource. Legislation is aiming to follow this trend by adopting new policies.
For example, several recent case studies demonstrate the favourable results of Japanese policy and legislation on energy and resources through effective SS management, such as the production of biochar in Hiroshima City, SS gasification by Tokyo Metropolitan Government, the use of biogas as vehicle fuel and city gas in Kobe City and the generation of biogas from a mix of food waste and SS in Kurobe City (LeBlanc et al. ; Matsumiya ).
Following Japan's pioneering approach to the sustainable management of SS, other countries are now also promoting strategies targeted at the recovery of energy from SS. Enhanced biogas production is considered to contribute to the mitigation of greenhouse gas emissions. Thermal oxidation, thermal hydrolysis, as well as enzymatic hydrolysis and wet air oxidation are alternative methods already applied in EU27 and lately, promoted in the USA. In addition, US stakeholders have stressed the need to acknowledge biosolids as a renewable resource and Australia seems to be making progress towards alternative regulation on biosolids. The term 'biosolids' was first introduced in 1991 in the USA as a definition for treated SS, in contrast to the raw SS, in order to promote its safe and beneficial land use and enhance public acceptance (Lu et al. ) . However, there are numerous organizations and scientists that preferably use the term SS even if sludge is treated and suitable for land application. The term 'biosolids' is particularly popular in Australia and New Zealand, as well.
The phosphorus (P) in SS has gained attention from most of the countries studied in this review, mostly from countries highly dependent on foreign P resources. Moreover, several policy-making bodies and wastewater stakeholders at international level (EurEau, HELCOM, CIWEM, NBP, AWA) support the interaction between legislative frameworks, availability of markets and the quality of SS recovered products. For example, well-developed markets are a prerequisite to making the production of SS recovered products (e.g. phosphorus, compost) feasible and viable (EurEau ).
Another prerequisite to promoting sustainable management of SS is the consistency and the synergy in the different legislative frameworks of a country. For instance, manure derived products are much less regulated, widely promoted and used in agriculture, whilst SS products are more strictly regulated and fall within numerous limitations of use in several countries. This results in uneven competition caused by different legislative frameworks, as stakeholders point out (CIWEM ). The question that often a rises is: 'Can SS be regulated as a waste and a valuable resource at the same time?' Obviously, regulators need to find the fine line between safety and SS valorization options by avoiding overregulation.
On the other hand, regulators should take the consumer's opinion into account, but this can suffer from strong subjectivity. To overcome this, public involvement in decision-making procedures should be encouraged. It is an essential parameter for the viability of the beneficial management of SS. Public opinion is influenced by social and cultural factors and is not limited to the environmental, political or economical aspects of beneficial SS management. Education and the information provided to the public may also shape public opinion and increase trust in SS management policies (Goven & Langer ) .
Finally, it is worth mentioning that a tool of primary importance in sludge management legislation is the adoption of standardized methods for the chemical, physical and biological characterization of SS as well as of guidelines for good management practices. Such procedures already exist in Europe (CEN/TC208) and internationally (ISO/ TC275), in order to improve regulatory consistency, compliance and public confidence in proper SS management practices (Spinosa , ) .
Objectives and methods
The review of legislation on SS management usually focuses on a specific country or continent in most papers found in the literature. Therefore the objective of this paper was to include more areas in the review and to give a comparative overview of the main characteristics of the legislative frameworks and policies on this topic. The selection of these areas was based on the following criteria: According to the above, the areas selected were: the USA, Japan, the European Union (EU27), Australia and New Zealand. In addition, some European member states were chosen to be further analyzed due to the difference in their policies: Germany, the UK and Greece.
To fulfil the above mentioned objectives the following stages were followed:
• A literature review about the existing technological knowledge; the information was organized with respect to practices followed on a country, area or continent level.
• Additional data collection and evaluation from ministerial web pages as well as statistical services, international agencies and environmental organizations, etc. which provide information about the legislation and its present amendments.
RESULTS AND DISCUSSION
There are three main disposal routes in the various SS management schemes: use in agriculture, use in landfilling and minimization through thermal processing (e.g. incineration, pyrolysis, etc.). Thermal processing also involves the use of SS as clinker in cement and mortar production (Fytili & Zabaniotou ) . The SS ash can be further utilized as an ingredient in aggregate products, in bricks, tiles and other building materials as well as a resource for phosphorus recovery (Hong et al. ; Egan ) . Other disposal alternatives include: (a) surface disposal or stockpiling, (b) SS compost products used in landscaping, parks and gardens, (c) remediation of polluted or eroded land in order to improve the vegetation (Lu et al. ) , (d) use in forestry, horticulture and land reclamation in the case of metal, gravel, coal and other types of mine sites (Van Ham et al. ) , and (e) ocean dumping, which used to be an insignificant disposal method (until the 1990s) but has now been banned in most areas.
Several technologies are necessary to precede the final disposal, such as stabilization processes (anaerobic digestion (AD) and/or composting) as well as dewatering/drying processes to make its handling, transfer or thermal processing feasible (Barber ; Tyagi & Lo ) . SS volume minimization processes based on the disintegration of SS solids are combined with AD to enhance biogas yield and reduce the solid residues (Cimochowicz-Rybicka ). The breakdown of the final disposal alternatives in the cases studied differs to a great extent and is not always correlated to the population density as may be expected (Figure 1 ). The mass of SS produced also varies from country to country and this is not merely because of the size of population; the mass of SS per capita is also different (Figure 2 ). Obviously, the higher the sewage treatment level applied (e.g. primary, secondary or tertiary) the higher the sludge generation will be, but not all areas are provided with high-level treatment systems, even in developed countries (LeBlanc et al. ). As a result, there may be variation in the specific SS production rate due to the different average level of treatment applied. Moreover, SS production not only depends on the volume of the influent wastewater, but also is closely related to the wastewater treatment methods, which may result in less sludge production (usually increasing the energy demands). For example, systems such as oxidative ditches which operate at high solid retention time promote the endogenous metabolism of microorganisms and produce less SS. Other technologies applied in line with the wastewater treatment processes may focus on enhancement of the production of primary sludge instead of secondary sludge or the disintegration of solids through mechanical, thermal, chemical or enzymatic methods (Odegaard ) .
Legislation, albeit serving the common cause of protecting public health and the environment, has not prioritized the policies in SS management in the same way around the world. The key features of legislation and SS management policies in various countries are discussed in what follows.
United States of America (USA)
The USA is a low population density area where SS (biosolids) are extensively applied in agriculture ( Figure 1 ). US waste legislation has been differentiated to support the potential beneficial application of biosolids on land since the early 1970s. In this way legislation triggered a long and multi-level risk assessment, which resulted in the 'Standards for the Use or Disposal of Sewage Sludge' (40 CFR Part 503 rule) in 1993. This rule identifies a number of parameters for the chemical pollutants contained in SS, its treatment and use and the reduction of pathogens. It also includes a set of standards and controls to promote specific management and disposal technologies (Venkatesan et al. ) , along with the requirements for monitoring, recordkeeping and reporting. Under this rule, biosolids were no longer clearly specified as waste and they were viewed as a potential nutrient source. This gave a greater flexibility to management through agricultural application, but also through other options such as incineration, landscaping, land reclamation and forestry. Moreover, the biosolids products were promoted to the market under a basic regulatory scheme. However, persistent public pressure and doubts about the safety of the reuse of biosolids on land have arisen during the last decade. In some states, the public opposition was so strong that it resulted in the banning of this practice (NBP ). The energy potential of SS has been considered recently (Egan ), but still, there is legislation hindering this option. For example, in 2011, SS incinerators were classified as waste incinerators and the ensuing stricter regulation may pose barriers against the recovery of energy from SS (NBP ).
Japan
Japan is one of the most densely populated areas (Figure 1 ). Sludge production minimization became obligatory with the New Sewerage Law introduced in the 1970s and landfilling of SS started to be abandoned after the mid 1990s, due to limited land availability. In fact, thermal methods such as incineration, gasification, melting, drying and carbonization of SS have been blossoming in Japan over the last three decades (Spinosa ; Hong et al. ). The preferred choice in SS management, encouraged by the desire to become independent of foreign fuel or other resources such as phosphorus, is based on sophisticated technology for power, heat and fuel generation ( JME ). The residues from thermal procedures are used in construction materials and phosphorus recovery, as well as in compost or soil amending products, thus a high recycling rate of SS is achieved (77% in 2010; Matsumiya ), with noticeable minimization of its final disposal ('zero sludge' disposal scenario; LeBlanc et al. ). Direct application of SS on land for agricultural (1970) sets additional provisions for SS use in green areas and on agricultural land. Since the beginning of the 21st century, the Japanese government has initiated innovative projects (e.g. 'SPIRIT21' and 'LOTUS') for setting targets to involve multiple stakeholders in the development and implementation of new technologies in SS reuse and recycling and achieve (i) the 'zero sludge' disposal scenario as well as (ii) the maximum exploitation of the renewable energy of sludge, known as the 'green energy' scenario. The legislation included special measures such as the 'Feed-in Tariff' in 2012, mandating the electric power companies to purchase electricity produced from renewable energy sources (LeBlanc et al. ).
In order to achieve its targets, policy and legislation in Japan seem to be consistent with the national strategy for building a recycling community. As an example, the magnesium ammonium phosphate (MAP) recovered from SS in large-scale STPs is already commercially promoted for the production of organic fertilizers (Evans ; Tyagi & Lo ). AD of food waste and SS is applied in some cities and the final product is used as a fertilizer, as long as it meets the quality standards of the Fertilizer Law (Matsumiya ). Although SS falls within the waste legislation, some regulatory simplifications have made the sustainable use of SS as an energy and nutrient resource possible.
Australia and New Zealand
In comparison to the USA and EU27, Australia demonstrates the highest use of SS for agricultural purposes (Figure 1) . The fact that Australian soil is considered to be poor in nutrient value, together with the low population density, favour SS application on land. On the other hand, incineration was not considered a preferred method, due to its high capital and operational cost and negative public opinion (ΑWΑ ; Darvodelsky ).
New Zealand could be another potential example of high use of biosolids in agriculture due to the high availability of land; however, landfilling and stockpiling or storage of biosolids is still prevailing (Figure 1) . SS ocean disposal still takes place (for the 10% of SS produced in 2012). Although a strategy for sustainable use of biosolids on land has been formulated since 2002, the targets were not achieved and little progress has been made. Additionally, numerous forestry and land reclamation projects have been realized in New Zealand in recent decades, however the actual beneficial reuse of biosolids in these areas has not been as high as expected (Wang et al. ) . Public perception and social or cultural issues with the inherent local communities play a significant role. The importance of public awareness in order to meet the target of sustainable SS management was assessed in a recent survey in New Zealand. It concluded that there is a need to raise public awareness and engagement in decision-making mechanisms relative to SS management, and especially land application (Goven & Langer ) . Moreover, the markets for the economically sustainable use of SS are considered to be underdeveloped.
Australia's and New Zealand's SS legislation has been mostly focused on the land application of biosolids, with the implementation of the guidelines for biosolids use on land in the different states. These are actually regulations validated by the existing environmental Acts and laws. They were mostly structured following EPA's 503 rule, using the same classification and management philosophy. However, they pose limit values for numerous organic contaminants (OCs), in addition to stricter limits for HMs and pathogen content. The need for simplification of the guidelines to fewer parameters was recently underlined by the AWA, pointing out that this 'over-regulation' is a cause for a 'costly compliance' (ΑWΑ ). These costs are usually transferred to consumers and upstream STP customers. In Australia, biosolids are classified as waste; however, with the New South Wales revised waste regulation in 2014, the 'Resource Recovery Exemption' of biosolids from some waste restrictions was made possible for their beneficial use on land. In addition, in Queensland's revised legislation, biosolids have been recently identified as a 'resource'. These changes in the definition of SS can be regarded as innovations towards a more 'flexible' SS regulation, which is a requirement stressed by many stakeholders in all the areas studied. Figure 1 reflects the average situation in SS management in EU27. The agricultural application of SS is still preferred as a best practice in several member states, while in some others, usually the more economically developed, restrictions on land application are imposed by legislation. Those countries, such as Belgium, the Netherlands, Germany, Denmark, etc., prefer thermal disposal methods (Milieu Ltd, WRc & RPA ). In general, the most usual form of an EU legislative framework is a Directive which sets the standard conditions and rules for the member states to comply with and to implement in their national legislation according to a defined timetable (LeBlanc et al. ). EU policy during the 21st century has been focused on the revision of its waste management, reassessing bio-waste regulations and implementing its energy strategy. The development of a European circular economy is a target and is underpinned by numerous initiatives and strategies such as 'End of Waste' for biodegradable waste, the revision of hazardousness of waste, revision of the Fertiliser Regulation, the strategy for sustainable use of phosphorus, etc. (Mininni et al. ; Saveyn & Eder ). Energy production from renewable sources at a ratio of 20% has become a target for the year 2020 within the EU legislative framework. SS digestion and enhanced production of biogas, as a means of sustainable energy production, is also promoted.
European Union
The basic EU legislation concerning SS management has, since 1986, been the Sewage Sludge Directive (Directive 86/ 278/EEC). It aimed at the promotion of SS use specifically in agriculture, along with setting all the requirements and provisions to prevent potential harmful effects on humans, animals, soil and vegetation as well as surface and groundwater. The Directive lays down the basic limits for potentially toxic elements (PTEs, which are HMs) in SS and soil. The revision of the Sewage Sludge Directive is evolving through the European Commission's mechanisms, which include research and monitoring projects, extended studies, workshops and a recent consultation process amongst member states. By investigating the environmental, economic, social as well as health impacts of SS use on land, there is also the possibility for the imposition of stricter limits, for example on HMs and restrictions on other contaminants as emerging pollutants (European Commission ).
EU legislation for the categorization of SS as a waste seems to be the most stringent, rigid and conservative when compared to the other areas included in the present study. In general, EU legislation on SS is based on the precautionary scheme and the limits set for its agricultural use are in general stricter than the EPA's. Furthermore, SS falls under numerous restrictions and it cannot be included in ecological bio-products (as compost), in organic farming fertilizers, etc. Although the EU's policy towards a sustainable use of phosphorus is currently promoted, P recovered from SS is not yet identified as a possible raw product, due to its 'waste' origin. Sweden has already set a target for the amount of P recycling from wastewater (60% of P recovered until 2015) in their national legislation and the rest of Europe will soon follow (CIWEM ; Egan ). For example, the relevant legislation is under development in Switzerland; a non-EU27 country that aims at promoting P recovery from wastewater and animal waste (Wiechmann et al. ) . Furthermore, some EU countries (such as the Netherlands, Denmark and Germany) are already promoting anaerobic co-digestion of SS with organic waste (e.g. industrial food waste). The aim is dual: benefiting from the energy recovery from SS and, at the same time, adopting new policies on organic waste management in compliance with the EU Directives. However, more countries will need to take the necessary steps in order to comply with the possible legal constraints and the contradictions of existing legislations (Iacovidou et al. ) .
Germany
Germany, with a fairly high population density, has also focused on thermal methods, mainly the incineration of SS (Figure 1 ). Public perception and various political factors have played a very important role in the gradual reduction of agricultural applications of SS since the 1990s. Several German states have even banned land application, favouring incineration instead (Milieu Ltd, WRc & RPA ; Budewig ; Wiechmann et al. ). Energy and nutrient recovery through thermal and chemical methods seem to be evaluated as the best alternatives to SS land application (Weidelener et al. ) . Germany, being a country with a strong economy, can support these costly technologies and is steadily at the forefront of research and development, along with Japan, the USA, Canada and some other countries. SS application on agricultural land as a nutrient source is regulated by the Fertiliser Law (Wiechmann et al. ) , which contains provisions for organic fertilizers and defines which organic raw materials can be used to produce fertilizers. The national legislative framework on the use of SS in agriculture which complies with the 86/278/EEC Directive is the Sewage Sludge Ordinance, established in 1992. It defines HM and OC concentration limits in soil. The obligations for the thermal disposal of SS are set out in the Federal Emission Control Act. Co-digestion of SS with organic waste is promoted in Germany and the produced digestate is regulated by the existing SS framework.
Co-incineration of SS with waste used to prevail because it is a more economically viable method. However monoincineration of SS is expanding because of the ability to recover phosphorus from incineration ashes. Intensive research and applications on large-scale treatment plants evolve, regarding phosphorus recovery from SS and sludge ash residue (Wiechmann et al. ) . Thus, there is a need to add new definitions into the existing legislation concerning fertilizers and SS (Weidelener et al. ) . Apparently, Germany will probably be the first EU country moving towards legislative amendments in order to render P recovery from SS obligatory. Meanwhile the revision of the Sewage Sludge Ordinance and fertilizer legislation is in progress and is expected to further restrict SS land application (Budewig ).
United Kingdom (UK)
In contrast to Germany, the UK favours the agricultural application of SS although it is densely populated (Figure 1 ). This country is an example of zealous environmental policy in favour of the agricultural use of SS as the Best Practicable Environmental Option (BPEO) under strict controls (LeBlanc et al. ). The national legislative framework on the use of SS in agriculture complying with the 86/278/ EEC directive is 'Sludge Use in Agriculture Regulations' and was established in 1989. It defines HM concentration limits in soil. National policy has reinforced SS agricultural use for many decades, in spite of the growing public and stakeholder concerns that were raised in the early 1990s. Actually, the UK government estimated this situation as a tool for establishing stricter regulations and provisions in a joint framework with the farmers and retailers associations. Thus, the Safe Sludge Matrix (SSM) was established in common with the different parties involved, as a basis for the safety of agricultural sludge management. It enhanced SS quality requirements concerning its use in agricultural crops, by providing dual criteria for pathogen reduction requirements for conventionally and enhanced treated SS, similar to the US EPA Part 503 Class A and Class B pathogen requirements (for Escherichia coli and Salmonella spp.). As a result, agricultural practices were actually reinforced and supported with additional mechanisms such as the voluntary Quality Management System (HAACP), the Codes of Good Agricultural Practices and a number of other aiding guides for SS nutrient management, etc. (Milieu Ltd, WRc & RPA ) . The supply chain's confidence has been improved and the market value of biosolids reinforced. The UK strongly promotes a strategy for AD of organic waste (including SS) for exploiting energy benefits from the biogas produced. AD of SS is the prevailing stabilization method, usually enhanced with other thermal methods, in order to achieve very low pathogen loads as required by the SSM. Co-digestion of SS with organic waste seems to be under investigation concerning the legal amendments required.
Greece
Greece has shifted its SS management from almost exclusively landfilling to alternative methods (Figure 1 ). Thermal treatment methods with the use of SS as an alternative fuel in the cement industry and power plants was first applied in 2008 at a rate of 46% (YPEKA ). This is only attributed to the start-up of the drying unit in the STP of Athens (where half the population equivalent is concentrated) in 2007. The SS soil amendment products and use in agriculture also increased in 2013 and 2014, mostly due to Thessaloniki's STP management practices (YPEKA ). Recently, some Greek cities seem to have abandoned landfilling in favour of composting or other methods, while numerous smaller cities and communities still landfill their SS. The specific legislative framework on SS is the implementation of the Sewage Sludge Directive in the Greek national framework: 'Methods, Conditions and Restrictions on the Use in Agriculture of Sludge Deriving from Treatment of Domestic and Municipal Wastewater' (MD 80568/4225/1991) . The exact restrictions, pollutant concentration limits and provisions set out in the SS Directive have been applied. Greece has actually adopted the upper limit value for all HMs, set out in the Sewage Sludge Directive. National SS legislation is being revised, with the target of limiting SS landfilling, while exploring the potentials of its recycling and its use as an alternative energy source. Co-digestion of SS with other organic waste (eg food waste) is mentioned as a possibility in the energy legal framework. (biosolids) seems to be a very important disposal route in the biggest part of the developed world. In areas studied such as the USA, Australia and the European Union, agricultural and land application of SS is prevailing and the relative SS laws are posing different restrictions. The most common parameter inspected, however, is HM concentrations in sludge and soil, while in some cases, OCs and pathogen content of SS are additional quality control parameters. In EU27, SS is more strictly categorized as waste while in the USA and Australia the term 'biosolids' has more flexibly promoted the beneficial nutrient value of the product. In Japan, innovative technologies are promoted as part of a strong reuse and recycling environmental strategy implementing 'green energy' and 'zero sludge' disposal solutions. In Germany the management of SS by thermal disposal is prevailing while the UK is an example of a country with strong national policy that reinforces agricultural use of biosolids as the best environmental practice. Greece recently demonstrated a noticeable shift in SS management from landfilling to more sustainable solutions; New Zealand is also moving towards beneficial agricultural applications of biosolids and abandoning landfilling, which is the major disposal route at present. It is apparent that there is a shift in the legislation in most cases towards exploitation of the nutrient and energy value of SS. This is not a simple task, since the environmental and human health safety (being in priority) should be balanced against the climate change impacts and the socio-economic benefits. In this respect, the general characteristics of these legislative frameworks should be based on the following:
CONCLUSIONS
1. The continuous and long-term risk assessment of hazardous substances and novel contaminants (emerging pollutants, e.g. pharmaceuticals, endocrine disruptors, micro-pollutants, etc.). 2. The promotion of efficient and sustainable SS management schemes. 3. The simplicity and consistency of regulations. 4. The promotion of available markets for viable SS recovered products. 5. consumer safety. 6. public involvement in policy making and acceptance of the final products from SS.
Last, but not least, the role of socio-economic and cultural features should also be taken into account by the regulators.
